Photosynthesis is highly responsive to environmental and physiological variables, including phenology, foliage nitrogen (N) content, atmospheric CO 2 concentration ([CO 2 ]), irradiation (Q), air temperature (T) and vapour pressure deficit (D). Each of these responses is likely to be modified by long-term changes in climatic conditions such as rising air temperature and [CO 2 ]. When modelling photosynthesis under climatic changes, which parameters are then most important to calibrate for future conditions? To assess this, we used measurements of shoot carbon assimilation rates and microclimate conditions collected at Flakaliden, northern Sweden. Twelve 40-year-old Norway spruce trees were enclosed in whole-tree chambers and exposed to elevated [CO 2 ] and elevated air temperature, separately and in combination. The treatments imposed were elevated temperature, +2.8 °C in July/August and +5.6 °C in December above ambient, and [CO 2 ] (ambient CO 2 ~370 µmol mol −1 , elevated CO 2 ~700 µmol mol −1 ). The relative importance of parameterization of Q, T and D responses for effects on the photosynthetic rate, expressed on a projected needle area, and the annual shoot carbon uptake was quantified using an empirical shoot photosynthesis model, which was developed and fitted to the measurements. The functional form of the response curves was established using an artificial neural network. The [CO 2 ] treatment increased annual shoot carbon (C) uptake by 50%. Most important was effects on the light response curve, with a 67% increase in light-saturated photosynthetic rate, and a 52% increase in the initial slope of the light response curve. An interactive effect of light saturated photosynthetic rate was found with foliage N status, but no interactive effect for high temperature and high CO 2 . The air temperature treatment increased the annual shoot C uptake by 44%. The most important parameter was the seasonality, with an elongation of the growing season by almost 4 weeks. The temperature response curve was almost flat over much of the temperature range. A shift in temperature optimum had thus an insignificant effect on modelled annual shoot C uptake. The combined temperature and [CO 2 ] treatment resulted in a 74% increase in annual shoot C uptake compared with ambient conditions, with no clear interactive effects on parameter values.
Introduction
In boreal forests, the main constraints on biomass production are short growing seasons with low annual irradiation, low temperatures and limited availability of soil nutrients, particularly nitrogen (N) (Tamm 1991, Linder and Flower-Ellis 1992) . Climate change, particularly rising atmospheric CO 2 concentration ([CO 2 ]) and temperature (T), is likely to modify these constraints in several ways. The mean land surface temperature over the northern hemisphere has been rising by 0.072-0.089 °C per decade over the last century , mainly forced by greenhouse gas emissions (Pachauri and Reisinger 2007) . The rate of warming is increasing, and for an elevation of [CO 2 ] from the current value of 392 ppm (December 2011) to 700 ppm by year 2100, the annual mean surface air temperature for northern Europe may rise by 2-5 °C compared with the 1980-1999 period (Pachauri and Reisinger 2007) .
The main effect of rising T on annual net primary production in boreal forests is expected to be an elongation of the growing season (Hyvönen et al. 2007 ). The length of the growing season and the reduction of photosynthetic capacity during winter are of particular importance for the annual carbon budget in boreal forests (e.g., Linder and Lohammar 1981 , Havranek and Tranquillini 1995 , Suni et al. 2003 . During winter, the photosynthetic capacity is reduced to 5-10% of its late summer maximum, a reduction which is induced by the first severe autumn frost (Troeng and Linder 1982 , Mäkelä et al. 2004 ). This damage to the photosynthetic apparatus is increased in spring when high irradiation occurs while the needles are still frozen (Lundmark et al. 1998) . Although net photosynthesis is limited by frozen soils and soil water availability (Troeng and Linder 1982, Bergh and , soil thaw is not a good predictor of photosynthesis commencement (Suni et al. 2003) . Instead, the onset and rate of recovery of photosynthetic capacity during spring is mainly driven by air temperature (Pelkonen and Hari 1980 , Linder and Lohammar 1981 , Suni et al. 2003 ). An increase in temperature during the late winter and spring is thus likely to both induce an earlier onset of spring recovery and increase the rate at which recovery occurs (cf. Wallin et al. 2013) .
For trees in temperate zones, typical short-term effects of [CO 2 ] elevation include a stimulation of the apparent quantum yield (AQY) of photosynthesis, an increase in light-saturated photosynthetic rate (on average 47% for a 50% increase in [CO 2 ]), little acclimation of photosynthesis and a significant increase in leaf area index (cf. Long 2005, Ellsworth et al. 2012 ). The [CO 2 ] response of photosynthesis is expected to be lower at low temperatures (Long 1991) , and it has thus been suggested that the stimulatory effect of elevated [CO 2 ] on photosynthetic rate for trees in boreal forests may be smaller than for trees in the temperate zone (Hickler et al. 2008) . However, tree species in colder climates have lower temperature optima for both Rubisco activity and the potential rate of electron transport than species growing in warmer climates, suggesting an acclimation of both processes to growth temperature (Medlyn et al. 2002) . With the rising temperature, the [CO 2 ] effect on photosynthetic rate may thus in the future be more pronounced also in the boreal forests.
In experiments with combined T and [CO 2 ] treatments, no interactive effect is usually reported for either biomass (Callaway et al. 1994 , Kellomäki and Wang 2001 , Overdieck et al. 2007 or photosynthesis (Tjoelker et al. 1998 , Leverenz et al. 1999 , Lewis et al. 2001 , Tingey et al. 2007 , Hall et al. 2009 ). Longterm responses to temperature and [CO 2 ] elevation may not be the same as short-term responses, because of interactions with N availability (Lewis et al. 2004 ) and the possible acclimation of photosynthesis to temperature (cf. Luomala et al. 2003) . Climate change-related feedbacks to the N status of the ecosystems include a possible dilution of N concentration in the canopy (Luo et al. 2004) , when the net primary production increases as a response to the elevated [CO 2 ]. On the other hand, increasing soil temperatures may stimulate N mineralization, counteracting the progressive N limitation (Medlyn et al. 2000, Strömgren and Linder 2002) .
In this paper, we examine effects of elevated [CO 2 ] and T on shoot carbon assimilation in 40-year-old boreal Norway spruce trees (Picea abies (L.) Karst.) using photosynthesis data measured during two consecutive years, January-June 2002 and January-December 2003. The trees were exposed to factorial [CO 2 ] × T treatments in whole-tree chambers (WTCs) (Medhurst et al. 2006) .
At each instant, multiple climatic and environmental variables affect the photosynthetic rate. The most important variables determining photosynthetic rate at the Flakaliden site are the nutrient status, air temperature, irradiation, atmospheric water vapour pressure and the reduction of photosynthetic capacity during winter and spring. It can be expected that long-term exposure to changes in temperature and [CO 2 ] may induce an acclimation in the photosynthetic response, both connected to the light and temperature responses. There may also be interactive effects of temperature and [CO 2 ] as well as interactive effects connected to the N status of the foliage. To assess the effect of the imposed treatments on the photosynthetic response to each of these variables, data from each treatment were fitted to an empirical model of shoot photosynthetic rate. An artificial neural network (ANN) was used to help identify the best form of the response curves to each of the variables light, temperature and vapour pressure deficit, and to verify that the model captured all information in the data. We then examined the effect of the exposure to elevated [CO 2 ] and T on photosynthesis, and quantified interactive and synergistic effects on photosynthetic rate from the [CO 2 ] and T treatments by comparing the differences in parameter values for the response curves between each treatment.
The aims were (i) to estimate the effect of the treatments on the photosynthetic rate and on the annual shoot carbon uptake, (ii) to ensure that the measured response on annual shoot carbon uptake could not be attributed to experimental artefacts such as differences in light environment at the different shoots used for measurements, (iii) to quantify the relative importance of the treatment responses for the different parameter values, that is, to answer the question: 'Which parameters are most important to calibrate for future conditions, when modelling photosynthesis under climatic changes?'
Materials and methods

Site description
The study was conducted in a long-term nutrient optimization experiment at Flakaliden (64°07′N, 19°27′E, 310 m a.s.l.) in northern Sweden. The experiment was established in 1986 in a Norway spruce (Picea abies [L.] Karst) stand that had been planted in 1963 with 4-year-old seedlings of local provenance (Linder 1995 .
Soil at the site is a thin podzolic, sandy, post-glacial till with mean depth of ~120 cm, with a 2-6 cm thick humus layer and with soil water content normally not limiting for tree growth . Nitrogen deposition averages 3 kg ha −1 year −1 (SMHI 2009) and net N mineralization is 4 kg N ha −1 year −1 on the control plots (Andersson et al. 2002) .
The site belongs to the middle boreal sub-zone (Sjörs 1999) . The site has a boreal climate with long cool days in the summer and short cold days in the winter. The mean annual air temperature is 2.5 °C and the mean monthly temperature varies from -7.5 °C in February to 14.6 °C in July (mean for 1990-2009) . Mean annual rainfall is ~600 mm with approximately one-third falling as snow, which usually covers the frozen ground from mid-October to early May. The length of the growing season (the period with a daily mean air temperature ≥ +5 °C) averages ~150 days, but with large between-year variations. For detailed information on the weather conditions for the study period, 1996-2000, see Sigurdsson et al. (this issue) .
The nutrient treatments, which began in 1987, included untreated control plots, irrigation and two nutrient optimization treatments. The treatments were replicated four times in a randomized block design. Each replicate consisted of 50 × 50 m plots. Only the untreated treatment was used in the present CO 2 -enrichment study. For further details of experimental design and treatments, see Linder (1995) and .
Experimental design
In 2001, 12 closed top WTCs were installed around individual non-fertilized trees. The experiment was designed to investigate the effect of elevated T and [CO 2 ] on the gas exchange and growth of mature trees (Medhurst et al. 2006 ) using a factorial 2 × 2 design. The WTC trees were exposed to a combination of two [CO 2 ] treatments (C A , ambient: ~370 µmol mol −1 , and C E , elevated: ~700 µmol mol −1 ), and two temperature treatments (T A , ambient and T E , elevated). The temperature in the T A -WTCs continuously tracked the outdoor ambient air temperature. The T E treatment was designed to simulate the likely air temperature at the site in 2100 as projected by the Swedish Regional Climate Modelling Programme, SWECLIM (Christensen et al. 2001 , Räisänen and Joelsson 2001 , using the latitude of Flakaliden and a [CO 2 ] of 700 µmol mol −1 . The temperature elevation target was altered on a monthly time step, following the SWECLIM predictions, with a monthly temperature increase above actual T A ranging between +2.8 °C (July, August) and +5.6 °C (December). Four combinations were investigated, T A C A , T E C A , T A C E , T E C E ; with three replicates of each treatment. The trees were exposed to the treatments throughout the year, from June 2001 to October 2004. The WTC system is described in detail by Medhurst et al. (2006) and the treatment performance during the period of the present study is described by Slaney et al. (2007) .
Rates of shoot CO 2 exchange were measured continuously throughout the experiment, but in this study we only used data from spring 2002, day of year (DoY) 1-151, and throughout 2003. The measurements were made by using a customdesigned gas exchange system (Wallin et al. 2001 , Hall et al. 2009 ) in which air was drawn through insulated and heated tubings from shoot cuvettes and analysed for CO 2 and H 2 O concentrations with an infrared gas analyser (CIRAS-1, PP-systems, Hitchin, Herts, UK). The air-flow rates of the sample and reference air were set to 0.5 or 0.75 l min −1 , depending on the season and expected CO 2 exchange rates, using mass-flow controllers (F-201C, Bronkhorst Hightech, Ruurlo, The Netherlands). The infrared gas analyser was calibrated monthly with an air source with known [CO 2 ] and vapour pressure and the mass flow meters were calibrated every second month with a piston-driven flow calibrator (DryCal DC-1, Bios International, Butler, NJ, USA), except in the winter. The mean deviation between calibrations was 1.5 ± 3.5%, −0.1 ± 1.7% and < 0.1 ± 3% (±SD) for CO 2 , H 2 O and flow rates, respectively. Measurements were taken continuously for 30 s at 30 min intervals throughout the measurement periods. The air temperature (T °C) in each shoot cuvette tracked the ambient temperature inside the WTC by means of differential thermocouples controlling a Peltier heat exchanger. The air temperature (T °C) was measured by using Pt100 sensors inside each shoot cuvette, while the incident photosynthetic photon flux density (Q, µmol m −2 s −1 ) was measured within 5 cm of each shoot cuvette by means of a levelled, cosine-corrected quantum sensor. The temperature and quantum sensors of the cuvettes were calibrated every year and the mean deviation from set values when re-calibrated were < 0.1 ± 0.2 °C and −1.2 ± 4.9% (± SD), respectively. The transmittance of the Perspex lid of the shoot cuvette was 85-90% for wavelengths between 400 and 1100 nm determined in a spectrophotometer, but because some of the reduction in measured transmittance was due to light scattering the actual reduction in radiation inside the cuvette was probably < 10-15%. Atmospheric water vapour pressure deficit (D) in the shoot cuvettes was calculated from measurements of vapour pressure, T, and atmospheric pressure. To minimize between-shoot variation, shoots from the second or third order on branches from the fourth to sixth whorl from the top were chosen on the south-facing side of the trees (180 ± 90°). During 2002 measurements were carried out on two shoots per tree, and in 2003 on one shoot per tree. The shoot CO 2 exchange measurements were expressed on a projected needle area basis as net CO 2 assimilation rate (A N , µmol m −2 s −1 ). No significant differences between treatments in projected needle area (10.9 ± 2.1 cm 2 ) or needle to shoot silhouette area ratio (1.7 ± 0.3) was observed. Directly after the gas exchange measurements on each shoot were completed, the shoots were harvested to determine needle area, needle dry mass and foliage nitrogen (N F , g m −2 ) concentration (Hall et al. 2009 ).
Model development and testing
A model-based approach was used to analyse the shoot gas exchange data. The aim was to quantify how long-term (more than one growing season) growth at elevated [CO 2 ] and temperature had modified photosynthetic responses to environmental conditions. We chose to develop an empirical photosynthesis model rather than parameterizing, for instance the biochemical model (Farquhar et al. 1980) . We wanted to use the model to interrogate the data rather than to perform predictive modelling of photosynthesis, and therefore an empirical model of photosynthesis, the ShootModel, was developed and fitted to the data. Thereafter we investigated how model parameters were affected by the treatments, and used this indirect method to assess treatment effects on the rate of the shoot carbon assimilation. For this approach to work, we needed to be confident that the functional form of the model used correctly describes the data. Usually, a model is evaluated by fitting it to the empirical data and evaluating the correlation between model output and empirical data, e.g., R 2 , root mean square error (RMSE) or model efficiency. However, this approach does not tell us whether the model performance is good or bad in comparison with what could be expected based on the quality of the empirical data available. That is, it does not tell us how much information is lost when moving from measurements to modelled output. Here, we used an ANN in the form a Self-Organizing map with Linear Output (SOLO; Hsu et al. 2002) to help establish and test the functional forms of the Q, D and T responses used in the model. The ANN is an unguided, independent method to establish the best statistical relationship between the forced parameter and the driving data. The ANN therefore also provided us with a benchmark of what model performance could be expected, based on the quality of and information available in the empirical dataset. The full description of steps taken to prepare the data before fitting response functions is given in Appendix 2, and the method for establishing the functional form of the response curves using the ANN is described in Appendix 3.
In brief, the resulting ShootModel is a set of equations that simulates shoot-level gross photosynthesis (A, µmol CO 2 m −2 s −1 ) in boreal, evergreen coniferous tree species. A is modelled as a function of N F , seasonality (A(t)), irradiance (Q), temperature (T) and vapour pressure deficit (D). The gross photosynthetic capacity was modelled as linearly related to foliage N content, with a light response in the form of a non-rectangular hyperbola (Thornley 1990, Cannell and Thornley 1998 ). The T parameter was an asymmetric optimum curve affecting the light response as described in McMurtrie et al. (1990) . The D response was established empirically by statistical curve-fitting, resulting in a linear decline (D S ) in photosynthesis above an empirically established threshold value of D (D T ). The equation for photosynthetic spring recovery is an advanced thermal sum as described in Pelkonen and Hari (1980) and Repo et al. (1990) . The equations for the ShootModel are presented in Appendix 4. The ShootModel was parameterized on half-hourly mean ANN output values for A, and fitted to concurrent meteorological measurements. A was computed from measurements of A N by adding modelled respiration rates based on Q 10 values for the site reported by Linder (1998a, 1998b) , corrected for the light suppression of respiration (Kirschbaum and Farquhar 1984) .
The analysis of the initial light response slope (α in Eq. (A.3)) was supplemented with an analysis of the AQY calculated as the linear slope of photosynthesis versus light between 25 and 75 µmol photons m −2 s −1 (above the Kok inflection and below the bending of the response curve, see, e.g., Wallin et al. 1992 ) using regression analysis of data between DoY 152 and 273. The reason to supplement with AQY is that Eq. (A.3) inherently is non-linear at low light when the curvature index is <1, and thus a best fit of the function to the light response data will result in an initial slope that is higher than the quantum yield. Furthermore, the initial slope is also influenced by the response at light levels where the curve is bending and thus not a good proxy for quantum yields.
The ShootModel and the ANN were evaluated by comparing the modelled data against measurements. The model efficiency (ME; estimates the proportion of the variance of the data explained by the 1 : 1 line; Janssen and Heuberger 1995, Medlyn et al. 2005) as it falls within benchmark area, so that for the ShootModel to be regarded 'a good model', the model error of the ShootModel should be equal to, or smaller than, the model error of the ANN.
Using the ShootModel to interrogate the data
Although precautions had been taken to choose shoots with similar local environmental conditions on all trees, there were differences between the annual sums of incoming radiation measured at the shoots in the different treatments. The T E C A , T A C E and T E C E shoots received 94, 98 and 92%, respectively, of the amount of radiation measured at the T A C A shoots after the completion of the photosynthetic spring recovery. The N content of the shoots used for the measurements of net carbon assimilation rate also differed. The mean N F of the shoots used during the main growth period was proportional to the radiation, 93, 99 and 92% of the N F in the T A C A treatment, respectively (cf. Table 3 ). Further, the relative humidity of the air inside the WTCs was not controlled, leading to a somewhat higher D in the T E -WTCs compared with the T A -WTCs and in the ambient outside air (Medhurst et al. 2006) . Medhurst et al. reported that the differences in D did not affect the water relations in the T E compared with the T A chambers. However, the first two factors (Q and N F ) could have a significant effect on the simulated annual carbon uptake. Therefore two different approaches were used when modelling the annual gross carbon assimilation:
Case i: The C uptake was modelled using light, T and D values as measured in the chambers with the shoot cuvettes, and N F as measured after the harvest of each shoot. These results were used for the evaluation of the ShootModel against measured values. To sum up the measured C uptake over the whole year of 2003, periods with missing data in the measured dataset were gap-filled using A data from case i model runs. The number of days in the dataset with measured C assimilation rates which needed gap-filling was fairly high, especially in the T A C A and T E C E treatments (cf . Table 3) . However, the gaps mainly occurred during the winter period, and therefore the amount of assimilated C during the gapfilled days was small, ranging from 1.7% (T A C A ) to 5.3% (T E C E ) of the total annual C uptake. The gap-filled dataset was used for the calculation of annual C uptake only, and not for model evaluation.
Case ii: To calculate the full treatment effects without irradiation and N interactions, the annual C uptake was modelled using identical light and D conditions as driving data for all treatments, together with a set value of foliage N content of N F = 3.0 g m −2 . Temperature and seasonality A(t) were averaged for the T A and T E treatments, respectively.
Case ii corrected: To arrive at a best estimate of the total annual carbon uptake, the total annual C uptake calculated using case i model runs was compared against the measured and gap-filled data. The deviation (%) for each treatment was used to correct case ii model runs, to arrive at a corrected value for total annual C uptake for each treatment.
The parameter values for each treatment were then compared to show the differences in photosynthetic response among the treatments. The sensitivity of the modelled annual C uptake to the fitted parameter values was investigated by using the T A C A parameter values as default, and then for each treatment altering parameters one at a time from the T A C A value to the treatment specific value. The effect was reported as change (%) in annual C uptake compared with using only T A C A parameter values for each treatment.
Statistical analysis
The effect of the treatments and interactions with intra-annual variations of photosynthesis was tested statistically for average accumulated daily C uptake during 4-week periods throughout 2003, for the full year, for the recovery period (weeks 1-20) and for the summer period (weeks 21-32). The statistical tests were made on measured, gap-filled data. As the measurements are not independent, all statistical tests were performed as repeated-measures analysis except for AQY that was tested using two-way ANOVA conducted in SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). Confidence intervals (95%) in Figure 2 were calculated using SigmaPlot for Windows (Version 10.0, Systat Software, Inc., Chicago, IL, USA).
Results
Using the ANN for fitting parameters
The use of the ANN reduced the scattering of the measured data by filtering out multiple simultaneous microclimate effects on the photosynthetic rate ( Figure 1 ). This was especially useful in fitting the photosynthesis response to light and the temperature, where the relationships were noisy, especially in the
There were large differences in the initial slope of the light response curve (α) between the treatments, with α = 0.042 in T A C A , increasing to 0.077 in the combined treatment T E C E (Table 1 ). Growth at elevated temperature increased α at both levels of CO 2 concentration: α increased by 0.019 mol mol −1 in the C A treatments (cf. T A C A and T E C A ) and by 0.016 mol mol −1 in the C E treatments (cf. T A C E and T E C E ). The effect of C E alone on α was larger (a difference of 0.022 mol mol −1 between the T A C A and T A C E treatments) than the temperature effect. Furthermore, the curvature of the light response curve (θ) was sharper in the C A treatments (θ = 0.90) than in the C E treatments (θ = 0.80). The AQYs ranked in the same order as the initial slopes (α) in relation to the treatments, but within a much smaller range. The differences between C A (0.048 ± 0.008 mol mol −1 (±SEM) in T A C A ; 0.050 ± 0.004 in T E C A ) and C E (0.052 ± 0.002 in T A C E ; 0.068 ± 0.002 in T E C E ) were close to significant (P = 0.052) while those between T A and T E were not.
The ANN output for the light response curve could not be used for fitting the maximum photosynthetic rate, A MAX (i.e., gross photosynthesis measured at light saturation, optimum T and non-limiting D conditions), as A MAX is also dependent on foliage N status (N F ). A MAX for the two CO 2 concentrations was therefore fitted separately against N F using measured data ( Figure 2a , Table 1 ). The temperature treatment (T E ) had no effect on either measured maximum photosynthetic rate or the slope (N S ) of the A MAX response to N F compared with the T A treatment in either C A or C E . Thus the temperature treatments were binned for the fitting of the N response, resulting in a modelled A MAX insensitive to the temperature treatments. There was a significant difference (P < 0.05) between the slopes (N S ) of the regression of the pooled measured C A and C E measurements, implying that the effect of [CO 2 ] was largest for shoots with high N F . For N F = 2.5 g m −2 the increase of A MAX due to elevated [CO 2 ] was 58%, while for N F = 3.0 g m −2 the increase was 67%. Table 1 ). The chosen A T function simulated the observed flat part of the T response well, but overestimated the decrease of photosynthetic activity in temperatures around 10 °C in the T A and 14 °C in the T E treatments. The bias introduced by the functional form of A T thus led to an underestimation of A at these temperatures by 3 and 8% in T A C A and T A C E treatments, and 8 and 6% in the T E C A and T E C E treatments, respectively. The poorly constrained temperature optimum led to a low R 2 value for the A T function (Table 1) .
In all treatments, but in particular in the T A C E , the effect of D on the photosynthetic rate was small (Table 1, Figure 2d ). The strong correlation between high D and high temperatures meant that there were few data available for parameterization of the D response (Figure 1 ).
Treatment effects on the annual carbon uptake
Compared with the T A C A treatment, the measured annual C uptake increased by 20, 44 and 50% in the T E C A , T A C E and T E C E treatments, respectively (Table 3) . When modelling annual C uptake using shoot-specific light, N F and D data (case i modelled C uptake) the corresponding numbers were 6, 39 and 60%. The modelled results diverged from the measured results by +1, −11, −2, and + 8% for T A C A , T E C A , T A C E and T E C E , respectively. When compensating for differences in light, D, and foliage N content between the individual shoots and correcting for the divergence between the measured results and the case i model results, the final effect of the treatments was found to be an increase in annual C uptake compared with the T A C A treatment by 44% in T E C A , 50% in T A C E and 74% in T E C E (Table 3 , case ii corrected).
While the main effect of the C E treatment was seen as an increase in the maximum photosynthetic rate, the main temperature effect could be attributed to earlier onset of photosynthetic spring recovery and a later autumn decline (Table 1 and Figure 2e ). In 2003, the recovery was completed 4 weeks earlier in the T E (~DoY 100) compared with the T A treatments (DoY 127) ( Table 2 ). In 2002, the spring recovery started later than in 2003, but once it started the rate of recovery was faster. The spring recovery was hence completed earlier in 2002 than in 2003; DoY 110 and 112 in the T A C A and T A C E treatments, and DoY 89 and 88 in the T E C A and T E C E treatments, respectively. The C E treatment had no effect on the onset or completion of spring recovery. The effect on the annual C uptake by the reduction in photosynthetic capacity during winter was assessed by a set of model runs omitting the seasonality function A(t) (data not shown). For case ii, the seasonality function reduced the modelled annual carbon uptake by 15% in the T A C A treatment, and by 13% in the T A C E treatment. The seasonality function had much less effect on the T E treatments, where the modelled reduction was just 4% for both T E C A and T E C E .
The differences in gross C uptake between the treatments for different parts of the year were assessed by averaging the daily accumulated C uptake for 4-week periods throughout the year (Figure 3 , Table 3 ). The treatment effects were larger for the spring period (weeks 1-20) than for the summer (weeks 21-32). The average daily C uptake (case ii results) in the T E C E treatment during spring increased by 157% compared with T A C A , the corresponding numbers for T E C A and T A C E were 72, and 38%, respectively. During the summer period the carbon uptake in T E C A , T A C E, and T E C E increased by 11, 50 and 63% compared with T A C A , respectively. Seasonal interactions with treatment effects were tested statistically (Table 4) Parameters The seasonality parameters for the T A and T E treatments are shown together with the chamber temperature (e). Top line of the densely dotted area: state of recovery in T A treatments. Top line of the sparsely dotted area: state of recovery in the T E treatments. The top line of the grey area is the daily mean chamber temperature in T E chambers, and the lower line of grey area is the mean daily temperature in T A chambers. For clarity the temperatures and seasonality function are averaged (n = 6) for the T E and the T A treatments in (e). For parameter values see Table 1 , for symbols and abbreviations see Appendix 1. Open diamonds: C A -treatments, filled diamonds:
on measured gap filled data for the full year, for the spring season (weeks 1-20), and for the main period of fully recovered photosynthetic capacity (weeks 21-32). There were significant interactions between treatments and time for the full year and for the spring recovery period, but not for the summer period. The treatment effects were significant for all periods, and there were interactive effects T × C for the full year data and for the summer period, but not for the spring recovery period.
Model sensitivity to treatments
To assess how the different parameters and functions affected the modelled annual C uptake individually and rank their relative importance, a set of case ii simulations were performed where all treatments were modelled with T A C A parameters, and then treatment specific parameters were added one at a time (Table 3 , 'Effects of specific parameters on annual C uptake').
The most important parameters for the high [CO 2 ] treatments were connected to the light response curve (A Q ) and the A MAX . Applying treatment specific A MAX and A Q increased the modelled yearly C uptake by 53% for T A C E and 63% for T E C E compared with running the model with T A C A parameters, while it only increased the modelled C uptake by 12% in the T E C A treatment. Applying treatment specific A MAX alone (+33% in C E treatments compared with C A treatments for N F = 3.0) increased modelled annual C uptake by 35% for T E C E , and 37% for T A C E . Parameterizing only α for high [CO 2 ] conditions resulted in an increase in modelled annual C uptake of 19% in T E C E , while the effects of α on T A C E and T E C A were similar, an increase in annual C uptake by 13 and 12%, respectively. The D parameterization had no effect on the annual C uptake.
The elongation of the growing season, in this case the seasonality parameter alone, was the most important parameter for the T E C A treatment and contributed to an increase in C uptake by 14%. When only T A C A parameters, including the seasonality parameter, were used the temperature treatment alone increased the annual C uptake by 4% (data not shown). The increase in temperature optimum overshot the summer time temperature treatment (+2.8 °C in the summer and +5.6 °C in December) as it increased by 4.6 °C (T E C A ) and 5.0 °C (T E C E ). Table 2 . The timing of the onset and completion of spring recovery as simulated by the A(t) parameter, and the first DoY when the soil temperature, measured at 10 cm depth, reached 0.0, 0.5 and 1.0 °C, respectively. The onset of spring recovery was dependent on air temperature (thermal sum), and could not be matched to a specific soil temperature threshold. For abbreviations see Appendix 1. Soil T data from Wallin et al. (this issue Figure 3 . Accumulated daily carbon uptake, averaged over 4-week periods for (a) measured gap-filled data, (b) modelled data case i with measurements of light, temperature, and vapour pressure deficit data as driving data, and (c) modelled data case ii where light and vapour pressure deficit data were averaged for all treatments, temperature data were averaged for the T A and T E treatments respectively, and the N content N F set to 3.0. The treatment effects were significant for all periods and larger during the winter/spring time than during the summer period. There were significant interactive effects between time and temperature during spring and the full year, and significant interactive effects between the treatments during summer (cf. Table 4) . T A C A -blue unfilled, T E C A -red unfilled, T A C E -blue filled and T E C E -red filled. Error bars indicate 1 standard deviation, n = 28. For abbreviations see Appendix 1 and Table 3 .
Thus applying the temperature parameter alone decreased the modelled C uptake by 2% (T E C A , T E C E ) and 5% (T A C E ).
Evaluation of the ShootModel
The largest uncertainty in the modelled results was seen during spring recovery. This was partly due to the fact that less information was available in the dataset, especially in the T A C A and T E C E treatments, seen as a large benchmark area from the ANN (Figure 3a where the ShootModel overestimated the photosynthetic activity in the T E C E treatment and underestimated it in the T E C A treatment. In T A C E there was also a systematic overestimation of low values during summer. In the C A treatments the ShootModel was at the lower end of the benchmark area throughout the summer, indicating an underestimation of the modelled A MAX (Figure 3a and b; cf. Figure A2m and n in Appendix 5).
The RMSE (µmol m −2 s −1 ) for the ShootModel was lower than that for the ANN for all the treatments except the T E C A . For the ShootModel, the RMSE was 0.41, 0.44, 0.52 and 0.70 for T A C A , T E C A T A C E , and T E C E , respectively. The corresponding numbers for the ANN were 0.71, 0.42, 0.73 and 0.78. Table 3 . The table contains sums of photosynthesis calculated from shoot cuvette measurements and from the ShootModel, as well as a sensitivity analysis of the modelled sums to differences in fitted parameters across treatments. Accumulated gross carbon (C) uptakes were calculated for the full year of 2003, for the spring recovery period (weeks 1-20), and for the main season of photosynthesis (weeks 21-32). The photosynthetic rates are expressed on projected needle area basis. The effects of specific parameters on the annual C uptake are presented as the change (%) in annual C uptake compared with modelling using only T A C A parameters. Driving data as in case ii, but the effect of treatments on seasonality was omitted as the T A seasonality function was used for all treatments (except for 'season elongation'). The modelled annual C uptake using only T A C A parameter values was 614 (T A C A , T A C E ) and 637 (T E C A , T E C E ) g C m −2 a −1 . Differences in the sum of irradiation averaged for the treatments, and in foliage N content between treatments, are reported for the full year and for the main period of photosynthesis (A(t) = 1). The variations in N F within the treatments are because we changed shoots during the year. The % of gap-filled data in the measured dataset are reported for days and C uptake, with a low value of C uptake as most gaps in data were during early spring when activity was low. For abbreviations see Appendix 1. (1) Net carbon assimilation rates measured with the shoot cuvettes, recalculated to gross photosynthesis and gap-filled using the ShootModel, (2) Modelled gross photosynthesis A using driving climate data (Q, T, D) as measured at each shoot cuvette and actual shoot NF (case i), (3) Modelled A using identical Q and D driving data, and NF = 3.0. Driving T data and A(t) were averaged for the TA and TE treatments, respectively (4) Case ii modelled C uptake was corrected linearly using the divergence (in %) between measured and modelled case i annual C uptake. 
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Discussion
Treatment effects on annual C uptake and intra-annual variations
To correctly estimate annual C uptake for future conditions, the most important model parameters to obtain were parameters of the light response curve, namely A MAX (for C E -treatments) and the initial slope α (both C E and T E -treatments). These two parameters, together with the elongation of seasonality, accounted for almost all of the treatment effects on C uptake. Notably, the temperature treatment had no effect on A MAX , and the shift in temperature optimum from both treatments had little effect on the modelled annual C uptake (Table 3) .
The photosynthesis response to the C E treatment, expressed as annual C uptake, was found to be strongly related to A MAX through the needle N content N F and the irradiance Q ( Table 3) . The mean N F of the measured shoots was lower in the C E treatment than in the C A treatment, but the difference was not statistically significant (P > 0.05) and the difference in N F in this case may be explained by the different light climates at different shoots. The sizeable difference between modelled annual C uptake when using shoot-specific microclimate variables, compared with results compensating for the different light environments and N F (Table 3) , highlights the importance of correcting for such differences both for modelling purposes and for evaluation of gas exchange measurements. A reduction in N F at elevated [CO 2 ] is not uncommon (cf. Medlyn et al. 1999 , Ainsworth and Long 2005 , Ainsworth and Rogers 2007 , and has been reported from a previous experiment in Flakaliden (Roberntz and Stockfors 1998) . In FACE and opentop chamber experiments, N limitation has been shown to reduce the stimulation of biomass growth by elevated [CO 2 ] (e.g., Curtis and Wang 1998 , Novak et al. 2004 , de Graaf et al. 2006 , Watanabe et al. 2011 . Conversely, N additions have been shown to increase the plant CO 2 responses (Oren et al. 2001 , Schneider et al. 2004 , Reich et al. 2006 .
Although the elongation of the growth period was the most important temperature effect, the reduction of annual gross carbon uptake imposed by the seasonality function (A(t)) in the present study (13-15% in the T A treatments and 4% in the T E treatments when simulated at a constant N F , data not shown) was small compared with what has previously been reported for Norway spruce at the Flakaliden site (Bergh 1997 . Using the boreal version of the BIOMASS model, Bergh et al. (1998) estimated that the reduction in photosynthetic capacity during spring would lower the annual gross primary production (GPP) by 21-28%. The differences between their study and the present study were primarily due to differences in meteorological conditions between different years. As the snow cover and air T has a large effect on the rate of recovery, large between-year differences in the timing of the onset and completion of spring recovery can be expected (Linder and Lohammar 1981, Linder and Flower-Ellis 1992) . It has further been shown that under identical climate conditions, the photosynthetic recovery simulated by the equations used in the ShootModel responds faster to increasing temperature sums than the recovery simulated by the seasonality function used in the boreal BIOMASS version (Hänninen and Hari 2002) . The large differences between the effects of the recovery parameters are mainly explained by the later timing of soil thawing and later frost events in the Bergh et al. studies, and to a lesser extent by the slower rate of recovery simulated by the BIOMASS seasonality function compared with the A(t) function. It should, however, be noted that since the spring recovery function in this study was parameterized on 2002 data rather than 2003 data, the uncertainty in the modelling of spring recovery rate increased (Figure 4) .
Full spring recovery of photosynthetic capacity cannot be reached before the soil has thawed and water is available (Troeng and Linder 1982) , and it is tempting to use soil temperature as an indicator of the state of spring recovery. We compared the modelled date for recovery completion against available measurements of soil temperature at the depth of 0.1 m ( Table 2, 
Treatment effects on parameter values
The A MAX response to CO 2 elevation in this study was in good agreement with values reported from a branch-bag study performed at Flakaliden (Roberntz and Stockfors 1998) . At a constant N F of 3.0 g m −2 , the simulated A MAX values in our study were 8.5 for the C A treatments and 14.3 for the C E treatments. This equals 92% of the maximum A N reported for the C A treatment and 96% of the maximum A N at N F = 3.0 g N m −2 reported for the C E treatment in the branchbag study by Roberntz and Stockfors (1998) . The slopes of the regressions between photosynthetic capacity and N F were also similar between the studies.
The role of plant carbon sink strength in the regulation of canopy photosynthesis is still a challenge in canopy process research (O'Grady et al. 2011) . Some experimental results reported in the literature suggest that it is the strength of the carbon sinks that regulates the responses of trees to elevated [CO 2 ] (Tissue et al. 2001) . It has therefore been claimed that branch-bag studies are inaccurate in estimating the [CO 2 ] effects on photosynthetic capacity (Saxe et al. 1998 ) because of the large carbon sink represented by the rest of the tree, which is not subjected to the treatment. The present study does not support this claim, as the photosynthetic rates in ambient and elevated [CO 2 ] were similar in the present study and in the branch-bag study reported by Roberntz and Stockfors (1998) .
The broad temperature optimum for photosynthesis, resulting in no response of A MAX to the temperature treatment per se (Table 1) , is in good agreement with the findings reported by Bronson and Gower (2010) , who saw no significant effect of a temperature increase of 5 °C on the light saturated photosynthetic rate in Picea mariana (Mill.) Britton, Sterns & Poggenberg. It is also consistent with previous findings for net carbon assimilation rates measured on current year shoots on the same trees as used in the present study (Hall et al. 2009 ). The temperature response in the C A treatments was remarkably flat at temperatures > 15 °C in both the T A and in the T E chambers, and while the optimum curve was more pronounced in the C E treatments, the lack of a pronounced optimum explains the relatively low effect of parameterization of the temperature response curve on the annual C uptake. The flat form of the temperature response curve, and the low R 2 values for the fitting of the A T parameter in the T A treatments, gives little evidence for an actual shift in T O induced by the C E treatment in the temperature interval of this dataset, 10-30 °C.
Although the scattering of the measured data was reduced by the use of the ANN, the lack of data at extreme temperatures causes the functional form of the T-response curve under field conditions to remain uncertain at the high (> 35 °C) and the low (< 10 °C) end of the temperature range. The lower limit of net photosynthesis in cold-acclimated conifers in ambient temperature and ambient [CO 2 ] normally range between 0 and −7 °C (Bergh 1997 and references therein) and is ultimately set by freezing of the foliage. In the present study a lower limit for photosynthesis of −3 °C was measured during periods outside the period chosen for parameterization (DoY 152-275), as no cold periods occurred during summer. The T U value per se was of less significance for the yearly carbon budget in the treatments, as the time of high temperatures was limited. In Effects of [CO 2 ] and temperature on photosynthesis 1167 Table 4 . Probability (P) values for 95 % confidence interval from repeated-measures ANOVA to test seasonality interactions with treatment effects on the measured accumulated C uptake in Table 3 . df = degrees of freedom. For other abbreviations see Appendix 1.
Multivariate test
Between-subjects effects (2003) for the treatments
The grey area is the benchmark area for the ShootModel performance, calculated as the deviation between the ANN output and the measured data. To be considered a good fit, the ShootModel output (black line) should be within the grey benchmark area. ME values are given in Figure A2 in Appendix 5, for abbreviations see Appendix 1. Blank parts in the benchmark area indicate lack of gas exchange measurements.
future, with a higher frequency of high-temperature events (Meehl and Tebaldi 2004, Rummukainen 2012) , the importance of T U may increase. The initial slope of the light response curve (α) was higher in all treatments compared with T A C A and correlated positively to the quantum yield (R 2 = 0.69), but with a much smaller effect on quantum yield that was increased 7 and 41%, while the initial slope was increased 52 and 82% in T A C E and T E C E , respectively, compared with the values in T A C A . The quantum yields were similar (<11% difference) to those observed in Uddling and Wallin and in Wallin et al. (this issue) , although these two studies did not observe statistically significant effects, while the effect of C E in relation to C A in this study were close to significant. The differences are due to the differences in treatments and time periods included in the different studies. The difference between the initial slope and the quantum yield are mainly affected by the inherent properties of the equations (see Material and methods) and to some extent by the elimination of confounding effects of needle N content, temperature, and D differences using the ANN, in order to refine the possible temperature and CO 2 signals on the initial slope of the light response curve. Although α works well as a modelling parameter, the results stress the importance of distinguishing between α as a modelling parameter derived from non-rectangular hyperbola and the quantum yield derived from linear regression at light levels between the Kok inflection and the bending of the curve when analysing treatment effects.
Very little information is available in the literature pertaining to field measurements of the effects of [CO 2 ] enrichment on α, but an increase as a response to elevated CO 2 is consistent with the predictions by Cannell and Thornley (1998) . The responses of the AQY are also supported by Wang (1996) , who found 21.6 and 27.5% increases when trees of Pinus sylvestris L. were exposed to elevated [CO 2 ] (550-600 µmol CO 2 m −2 s −1 ) either alone or in combination with elevated T (+2 °C in summer) compared with ambient [CO 2 ] and T, although the stimulation in elevated CO 2 alone was higher in Wang (1996) . The value of α for ambient temperature is also consistent with the interval reported by Cannell and Thornley (1998) . They suggested, however, that α would decrease with increasing temperature, which we did not find. On a molecular level, it is the balance between the intercellular concentration of CO 2 and O 2 that determines the relative rates of carboxylation to oxygenation, which leads to photosynthesis and photorespiration, respectively (cf. Farquhar et al. 1980 , Farquhar and von Caemmerer 1982 , McMurtrie and Wang 1993 . Since oxygenation is favoured over carboxylation at high temperatures, the [CO 2 ] response is in turn temperature-dependent, and the quantum yield would therefore be expected to decrease linearly with increasing temperature (Farquhar et al. 1980, McMurtrie and Wang 1993) . However, Bernacchi et al. (2003) found a positive response on quantum yield of electron transport in photosystem II with increasing temperature that may compensate for the increasing demand of NADPH and ATP for oxygenation with increasing temperature. This finding, together with the enhanced effect of elevated CO 2 with increasing temperature (e.g., Uddling and Wallin 2012) , may explain the stimulation of both initial slope and quantum yield in T E C E . However, the results in the literature are variable and a possible acclimation to T E may also affect the result; it is therefore important to study this further.
The effect of D on photosynthesis has been shown to be weaker than the effect on stomatal conductance (e.g., Fredeen and Sage 1999) . This may partly explain the low effect of increased D on the photosynthetic rate in all treatments. Although it may be somewhat counter-intuitive that D should affect the light-driven photosynthesis linearly over a range of different temperatures and light intensities, this is less of a problem in the present study as the D effect is small, and water was not limiting the annual net primary production.
Conclusions
By fitting long-term shoot cuvette data to a simple empirical model of photosynthesis; this study has quantified the major mechanisms by which long-term increases in [CO 2 ] and temperature affect annual shoot carbon uptake. The main effects of the [CO 2 ] treatment were an increase in the light saturated photosynthetic rate and of the initial slope of the light response curve. The main effect of the temperature treatment was an earlier completion of spring recovery of the photosynthetic capacity. Notably, the temperature response curve was almost flat, making a temperature response curve with a pronounced optimum poorly constrained. Further, the effects of the temperature treatment on the maximum photosynthetic rate and temperature optimum were relatively unimportant for annual shoot photosynthesis.
The annual gross C uptake was instead found to be highly dependent on the N status of the foliage, which affects both the maximum photosynthetic capacity and its response to elevated [CO 2 ] treatment. When interpreting the shoot photosynthetic data, it was therefore important to take into account the measured differences in shoot N content across treatments, even though these differences could not be directly attributed to treatment. The photosynthesis rates and annual C uptakes reported in this study derive from measurements of treatment effects directly affecting the carbon assimilation rate, and are therefore independent of changes in whole tree structures such as leaf area index. 
respiration was beyond the scope of the study and has not been fully investigated.
To account for differences in foliar N across shoots, A was normalized against N F to obtain comparable photosynthetic rates for different shoots:
where N F is the mean N F of the shoots in the treatment.
Appendix 3: Establishing model structure
An ANN was used to establish statistical relationships between measured shoot gas exchange and the key environmental variables: Q, T and D. The ANN used was the SOLO (Hsu et al. 2002) , which is a combination of a Self-Organizing Map (SOM; Kohonen 1989 ) and multiple linear regression. Statistical relationships between the measured shoot gas exchange rate and predictor variables were established by training the SOLO on the observed data. The SOM classifies input data (here T, D, Q) into nodes (groups), where each node represents a distinct region of the input space. A linear regression is then performed between the grouped input variables and the corresponding target data (here, measured gas exchange) at each node, resulting in a piecewise linear approximation of the training data (Abramowitz 2005) . As it is regression based, SOLO simulates only the systematic trend in the training data, implying that if it is trained with zero-mean noise it will make a zero valued simulation. The risk therefore of finding a correlation through overtraining, a common problem with other ANNs, is greatly reduced. We used this ANN to assist in establishing the dependences of A on Q, T, and D ( Figure A1 , step III). The ANN simulations are typically tested by dividing the available data into two sets, where one portion is used to establish the empirical relationship (train the ANN) and the other to validate the training. In this study, the task was not to simulate photosynthesis for qualitative or quantitative estimations of carbon budgets, but to establish a statistical relationship between the variables and the desired output (A N or A) . Therefore all available data were used in the training phase in order to maximize SOLO's ability to distinguish systematic parts of the data from noise. This approach reduced the benchmark area of accepted output for the ShootModel and constitutes a very demanding benchmark test. As SOLO was used twice-for establishing the functional forms of the response curves and for the evaluation of model performance-this stricter approach was chosen to avoid overestimation of the ShootModel's ability to utilize the information in its input data set. First, we investigated the importance of each of the input variables (Q, T and D) on photosynthetic rate by training SOLO on data from the summer period (DoY 152-273) using different combinations of the input variables. The model efficiency (ME; estimates the proportion of the variance of the data explained by the 1 : 1 line; Janssen and Heuberger 1995, Medlyn et al. 2005 ) for using only Q as the input was 0.89. Using Q in combination with T, or Q in combination with D, both gave an ME of 0.90. The highest ME, 0.91, was obtained when using the full combination of Q, D and T, and all variables were thus retained in the model.
We then used the ANN output to help determine the best functional forms for the dependences of A on T and D. To do this, we ran the ANN for targeted subsets of data. To minimize the co-variance between the meteorological variables, the ANN was run for each variable separately using subsets of data where only that specific variable had an effect on A. The interval for light response was derived from the ANN runs made in the preliminary data treatment (Appendix 2) which gave an approximate threshold for light saturation of Q = 500 µmol m −2 s −1 for A. Because of the high correlation between D and T, the distinction between these two functions had to be made in several sub-steps: a subset of data with Q > 500 µmol m −2 s −1 was extracted, and the ANN was run with both T and D as input variables. The ANN output A was plotted against T, a parabola was fitted to the data, and the temperature optimum point (T D ) was determined. Based on the findings of Fredeen and Sage (1999) , it was postulated that in the temperature range measured during the present experiment (10-30 °C), the limitation of A at T < T D was caused by a temperature limitation of A, while the limitation of A at T > T D was an effect of D on stomatal conductance. The values of T D were 20, 22, 29 and 24 °C for T A C A , T E C A , T E C A and T E C E , respectively. As measurements with D limitation alone were scarce in the available dataset, the D response was established from the combined T-D ANN run. The T function was established from a separate ANN run with only T limitation on A. The responses of A to light, T and D in the ANN output data were then fitted to equations commonly used in the literature using SigmaPlot for Windows (Version 10.0, Systat Software, Inc.) ( Figure A1, step IV) . The subsets of measured data used for each variable, together with the ANN simulations, are shown in Figure 1 in the main text.
The effect of seasonality (modelled as the rate of recovery of photosynthetic capacity during spring) was established from winter and spring data (DoY 1-151) obtained during 2002, as measurements from spring 2003 were scarce due to technical problems with the gas exchange system. The empirical equation for the effect of seasonality on photosynthesis was taken directly from the literature, and parameterized using the Solver tool of Microsoft Office 2003 Excel ver. 11.0 and the PEST software (Model-Independent Parameter Estimation, Watermark Numerical Computing, available for download at http://www.sspa.com/pest).
Appendix 4: The ShootModel equations
The final form of the ShootModel is as follows. The gross carbon assimilation rate A (µmol m −2 s −1 ) is given by where A Q is the shoot gross CO 2 exchange (µmol CO 2 m −2 s −1 ), α is the initial slope of the light response curve (µmol CO 2 µmol −1 photons, closely related to the AQY), Q is the irradiance (Q, µmol m −2 s −1 ), A T is the temperature effect on the light response curve (Eq. (A.4)) and θ is the curvature of the light response curve. Fitting this equation to data is problematic as α and θ are not independent (Leverenz 1987, Kull and Kruijt 1998) . To make a robust parameterization of α, θ was applied as set values (0.80, 0.85, 0.90, 0.95 and 1.0), based on the value of 0.85 for shade-adapted leaves reported by Leverenz (1987) . The α was then parameterized for each set value for θ, and the combination of α and θ with the lowest RMSE (Medlyn et al. 2005 ) was chosen (data not shown). where A MAX is photosynthetic capacity (Eq. (A.6)), T is the air temperature (°C), T L and T U are the minimum (lower) and maximum (upper) T for A, respectively, and T O is the optimum air temperature for photosynthesis. There was a lack of data at temperature extremes on which to base T L and T U . Hence T L was set to −3 °C based on data acquired earlier in the season (DoY 1-151) and T U was set to +42 °C based on the results from Pinus radiata D. Don growing at ambient T and [CO 2 ] (McMurtrie et al. 1990 ). The photosynthetic capacity (A MAX , µmol m −2 s −1 ) is linearly related to foliage N content (N F , g m −2 ) (Reich et al. 1995 , Roberntz and Stockfors 1998 , Thornley 2002 : .6) where N S and N I are parameters describing the slope and intercept of the linear regression, respectively. The vapour pressure deficit (D) does not affect photosynthesis directly, only through its effect on stomatal conductance. Therefore, the effect of D on A was applied as a multiplier (0-1) were subtracted from the ShootModel A. The ShootModel was compared both against measurements and separate ANN runs, the latter for the quantification of how much information had been lost when going from measurements via the ANN output to ShootModel response curves. This was done for all available data, i.e., for the full year of 2003, and for DoY 1-151 for 2002. As the input data for the ANN, measurements of T, D and Q were used together with the A(t) function and the measured net photosynthesis.
The ShootModel and the ANN simulations were compared against measurements using R 2 and ME. For 2003, the output from the ShootModel agreed well with measurements in all treatments ( Figure A2m-p) . The outliers in the T E C E treatment ( Figure  A2p ) are from the spring period, where the ShootModel overestimated the photosynthetic rate. For 2003, the ShootModel had a higher ME than the ANN for all treatments except T E C A (cf. Figure A2e -h, and m-p). In the ANN output, there was a systematic underestimation of A N in the T A C A treatment ( Figure A2e ). The ME was equally low for the T E C E treatment (0.84), caused by a scattering of data rather than a systematic bias ( Figure  A2h ). For 2002, the agreement between ShootModel output and measured data was lower than for 2003 in all treatments (cf. Figure A2m -p and Figure A2i-l) . In all simulations, the ANN had a tendency towards overestimation of low values of A N .
